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Electrodeposition and stripping are fundamental electrochemical processes for metals and have
gained importance in rechargeable Li-ion batteries due to lithium metal electrodes. The electrode
kinetics associated with lithium metal electrodeposition and stripping is crucial in determining
performance at fast discharge and charge which is important for electric vertical take-off and landing
(eVTOL) aircraft and electric vehicles (EV). In this work, we show the use of Marcus-Hush-Chidsey
(MHC) kinetics to accurately predict the Tafel curve data from the work of Boyle et al. [ACS
Energy Lett. 2020, 5, 3, 701] We discuss the differences in predictions of reorganization energies
from the Marcus-Hush and the MHC models for lithium metal electrodes in four solvents. The MHC
kinetic model is implemented and open-sourced within Cantera. Using the reaction kinetic model
in a pseudo-2D battery model with a lithium anode paired with a LiFePO4 cathode, we show the
importance of accounting for the MHC kinetics and compare it to the use of Butler-Volmer (BV)
and Marcus kinetic models. We find that significant deviation in the overpotentials associated with
reaction kinetics for the two different rate laws for conditions of fast discharge and charge relevant
for eVTOL and EV respectively.
I. INTRODUCTION
There is a need for improved energy density and
specific energy for electrifying transportation and
aviation.1,2 Lithium metal electrodes are a promis-
ing avenue to improve the energy density to meet
these requirements.3 Reactions and kinetics at electrode-
electrolyte interfaces limit performance of lithium metal
electrodes. For a lithium metal electrode, during charge,
lithium ions from the electrolyte (solid or liquid) deposit
at the metal electrode, popularly known as electrodepo-
sition, while during discharge, lithium metal is oxidized
into lithium ions, through a process known as stripping.4
Fast charging is an important requirement for electric
vehicles,3 while fast discharge is an important require-
ment for the take-off and landing segment of electric
vertical take-off and landing aircraft.5 The morphologi-
cal instabilities related to both fast discharge and charge
have been well-documented leading to pitting and den-
drite formation,6,7 thereby leading to poor cycle life.
Despite the enormous attention paid to understand-
ing morphology, the kinetic rate behavior at the lithium
metal electrode-electrolyte interface has received much
less attention. Typical lithium metal models usually
invoke Butler-Volmer kinetics,8 despite wide-recognition
from the electrodeposition community that kinetic laws
beyond Butler-Volmer are needed to describe fast dis-
charge and charge conditions. Recently, Boyle et al.,9
measured lithium electrodeposition and stripping kinet-
ics using transient voltammetry. Based on the measured
data, they observed significant deviations from Butler-
Volmer kinetics and argued for the use of Marcus-Hush
kinetics implemented as a low overpotential approxima-
tion of the Marcus-Hush-Chidsey formalism. However,
the low overpotential approximation breaks down for fast
charge and discharge regimes.
In this work, building on the work of Boyle et al,9 we
show that the Marcus-Hush-Chidsey (MHC) model im-
plemented as a uniformly valid closed form approxima-
tion developed by Zeng and coworkers10 agrees with the
lithium electrodeposition and stripping data.9 We incor-
porate the MHC kinetic model it into a pseudo-2D model
and demonstrate for constant current fast charge and dis-
charge applications up to current rates of 12C, and fast
discharge eVTOL missions with discharge rates of up to
10C. We find that the MHC kinetic law is important to
track performance under these high rate operating condi-
tions. In order to enable wide-spread use, we open-source
the kinetic model for lithium metal into Cantera11. We
believe that future studies with lithium metal electrodes
should utilize this formalism.
II. METHODS
A. Electron transfer kinetics
There are several approaches to modeling electron
transfer kinetics,12 beginning in the 1930s with Butler-
Volmer model,13,14 microscopic electron transfer kinet-
ics proposed by Marcus15 in the 1950s, kinetics of elec-
trode processes examined by Hush,16,17 and more re-
cently, heterogeneous electron transfer explained using
the Marcus-Hush-Chidsey18 kinetic model. Each of these
kinetic models are presented with required modifications
for their suitable interpretation in the context of electro-
chemical performance models of Li-ion batteries. Each
kinetic model is presented for the following reaction,
Li+ + e− 
 Li (1)
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2The charge transfer kinetics at the interface of an elec-
trode in electrochemical energy devices is often modeled
using Butler-Volmer kinetics.12,19 Over the last several
decades, the Butler-Volmer (BV) formalism has been
used to model the kinetics at lithium metal anodes of
Li-ion batteries.8,19–23 BV formalism can be written as,
kBVred = k
BV
0 .exp
(−αF
RT
η
)
(2)
kBVox = k
BV
0 .exp
(
(1− α)F
RT
η
)
(3)
where kred and kox are the reaction rates for reduction
and oxidation respectively, kBV0 is the rate constant, η
is the applied overpotential, and α is transfer coefficient
which represents the position of the transition state of
the reaction.24 The transfer coefficient, α, is a constant
value which is generally 0.5 for single electron processes
like the one shown in Eq. (1). The BV model posits a
linear relationship between ln(kBVred/k
BV
0 ) and the over-
potential η with a slope of −αF/RT which is indepen-
dent of the potential. However, experiments by Save´ant
and Tessier25 and many other studies show considerable
deviations from linearity.12 The constant transfer coeffi-
cient independent of potential is hence considered only
a qualitative metric from BV theory and not universally
applicable.12,24
Around 65 years ago, Marcus developed a kinetic
model for microscopic outer-sphere homogeneous elec-
tron transfer.15 The theory has been used to model ki-
netics in several chemical and biological systems.26 The
rate expressions for the Marcus model can be written as,
kMred/ox = k
M
0 .exp
(
− (∆G± λ)
2
4λ.RT
)
(4)
where ∆G is the free energy change on reduction and λ is
the reorganization energy, that required to reorganize the
nuclear configuration of the reactants and solvent to the
product state.12 One of the important predictions from
Marcus theory is dependence of the transfer coefficient
on the overpotential. The relevant derivations can be
found elsewhere.12,15,25,27 The potential dependence of α
is expressed as,
α =
1
2
+
Fη
4λ
(5)
which can be accommodated into Eq. (2) and Eq. (3),
however, classical BV theory treats α as a constant.12
The use of a potential dependent α was shown by Save´ant
and Tessier25 and has also been used to explain recent
data on lithium electrodeposition and stripping by Boyle
et al.9
The Marcus kinetic model is developed for homoge-
neous electron transfer reactions where the two species
involved in the reaction are dissolved in a solution. How-
ever, for applications like metal electrodes, the electrode
charge transfer reaction is heterogeneous,24,28 i.e. be-
tween a metal electrode and a species dissolved in a so-
lution. For heterogeneous electron transfer with metal
electrodes, the kinetics of the reaction will depend on
electrons from different energy levels in the conduction
band of the metal electrode.27 The dependence of re-
action rates on the “electronic energy levels in metal”
was noted by Marcus in 1965,27 and the incorporation
of Fermi-Dirac statistics and its validation was shown by
Chidsey in 1991,18 with a gold electrode and an elec-
troactive ferrocene group.10,24,28 The rate equation used
by Chidsey is generally referred to as the Marcus-Hush-
Chidsey model,
kMHCred/ox = A.
∫ ∞
−∞
exp
(
− (x− λ∓ Fη)
2
4λ.RT
)
.
dx
1 + exp(x/RT)
(6)
where A is a pre-exponential factor which accounts for
the density of metallic states and the electronic coupling
strength.10,24 Compton and coworkers explain that the
assumption of A being independent of potential has gen-
erally proven to be reasonable with experiments.18,24,29
Further, for the case of lithium, the density of states is
relatively flat based on density functional theory calcu-
lations and the validity of this assumption is tackled in
an accompanying paper for this Special Issue.30 The ac-
tivation energy in Eq. (4) is recast using the energy of
the electron described as x, defined relative to the Fermi
level.10,24,28
The net current density from the reaction, j, can be
written as, j = j0.(kred − kox), where j0 is the exchange
current density. The net current for the BV model can
be obtained using Eq. (2) and Eq. (3),
jBV = jBV0 .(k
BV
red − kBVox ) (7)
For applying Marcus theory, as noted previously, Boyle
et al.,9 employed a potential dependent α12,15,25,27 as
shown in Eq. (5) within a BV current expression as shown
in Eq. (7). This model is referred to as the Marcus-Hush
(M-H) kinetic model. The net current of the M-H model
jM−H would have its exchange current density jM−H0 and
follow the functional form shown in Eq. (7) along with α
described by Eq. (5).
A closed form expression for the net current using
the MHC model is required to avoid the evaluation of
the MHC integral in Eq. (6) which is cumbersome to
implement in a battery model. Bazant and coworkers
have developed a uniformly valid closed form approxi-
mation of the integral,10 where they obtain a net cur-
rent density expression using dimensionless reorganiza-
tion energy, λ∗ = λ/RT, and dimensionless overpotential
η∗ = F.η/RT,
jMHC ≈ S.
√
piλ∗.tanh
(
η∗
2
)
.erfc
(
λ∗ −
√
1 +
√
λ∗ + η∗2
2
√
λ∗
)
(8)
where S is used as a scaling factor for calculating the cur-
rent density and erfc is the complementary error function.
The closed form approximation provides the exchange
3current density to be,10
jMHC0 ≈ S.
√
piλ∗
2
.erfc
(
λ∗ −
√
1 +
√
λ∗
2
√
λ∗
)
(9)
which is a function of the reorganization energy alone.
This approximation has been shown to be consistent with
the numerical integration of Eq. (6), with the accuracy
increasing with the overpotential.10 Given that the goal
of this work is to examine the implications of predictions
from different kinetic models for high power applications
of lithium batteries, we find that Eq. (8) provides the
required flexibility and simplicity of the BV model, while
preserving the high accuracy of the MHC kinetic model.
We use transient voltammetry data from Boyle et al.,9
collected using ultramicroelectrodes for LiPF6 in four sol-
vents, (i) propylene carbonate (PC), (ii) diethyl carbon-
ate (DEC), (iii) 1:1 by volume ethylene carbonate: di-
ethyl carbonate (EC:DEC), and (iv) EC:DEC with 10%
fluoroethylene carbonate (EC:DEC w. 10% FEC) to fit
λ’s which we will refer to as λM−H for the Marcus-Hush
model and λMHC for the MHC model, respectively. The
M-H model is implemented using Eq. (5) and the MHC
model is implemented using Eq. (8). We also fit val-
ues for the exchange current densities jM0 and j
MHC
0 for
the two kinetic models. The curve fitting was performed
using the non-linear least squares method on MATLAB
r2019b.
B. Pseudo-2D fast-charge model
While the fundamental charge-transfer kinetic models
described above are of no doubt great theoretical inter-
est, do they result in a meaningful performance difference
at technologically relevant scales? As shown in the afore-
mentioned works,10,24 the models diverge only when the
overpotential η is significant, relative to the solvent reor-
ganization energy λ. With the push toward extreme fast
charge (XFC) rates to facilitate EV consumer adoption
and fast discharge for eVTOLs, the probability of real-
izing suitably large overpotentials increases, and merits
investigation.
To explore the impact of detailed charge transfer kinet-
ics on battery performance, we employ here a physically-
based pseudo-2D (P2D) model based on that developed
by Newman et al.8. The model simulates the perfor-
mance of a porous LiFePO4 cathode, using porous elec-
trode theory, paired with a dense lithium metal anode.
We implement the three charge-transfer kinetic models
as part of the open-source chemical kinetics software
package Cantera11, which is used to manage the thermo-
kinetic calculations in a generalized manner.
Despite the lower gravimetric capacity and electrical
conductivity of LiFePO4, it has several benefits, such as
lower material cost (6.3 Wh US$−1) than other standard
cathode materials31 while having a high theoretical ca-
pacity among lithium metal phosphates, which tend to
be more stable and have a longer cycling and calendar
life31. Additionally, advances in LFP cathodes have im-
proved the specific capacity and electrical conductivity of
the material32,33, which, combined with favorable charge
transfer kinetics at the electrode/electrolyte interface34
and high cyclability33 make LFP a competitive cathode
material for fast charge and high power applications35,36.
1. State Variables
The solution variables tracked throughout the
charge/discharge of the cell are:
in the LiFePO4 phase:
• XLi, ca the intercalation fraction in the cathode (-)
• Φca the electric potential of the cathode (V)
in the electrolyte phase:
• Xk,elyte the mole fraction of species k in the elec-
trolyte (kmolk kmol
−1)
• Φelyte the electric potential of the electrolyte (V)
in the anode SEI:
• ΦSEI/anode the electric potential in the SEI at the
anode interface (V).
and in the lithium:
• Φan the electric potential of the lithium (V)
2. Model equations
The governing equations are derived from physically
based conservation equations of mass, species, and
electrical charge. The equations, described below, repre-
sent a set of differential-algebraic equations, which are
integrated temporally to simulate galvanostatic charge-
discharge with a fixed external current jext. While the
P2D model equations are common and well-represented
throughout the literature8,37–39, we present here a brief
overview of the governing equations.
Cathode Composition. In the cathode, assuming
spherical particles, diffusion only in the radial direction,
and a constant diffusion coefficient DLi, ca the governing
equation for the intercalated lithium mole fraction is de-
rived from conservation of mass and elements:
∂XLi, ca
∂t
= ∇ · (DLi, ca∇XLi, ca + s˙LiAint
Cca
) (10)
4where Cca is the total molar concentration of the cathode
phase (mol m−3), and the term s˙Li is a molar source term
due to the charge transfer reaction at the LFP particle
surfaces (mol m−2 s−1). Aint is the specific surface area
of the electrode/electrolyte interface (m2int m
−3). At the
particle surface, it is evaluated via one of the three charge
transfer kinetic models described above, with the rela-
tionship between molar production rate and the Faradaic
current given by Faraday’s law:
s˙k, elyte = νk,Li
jFar
zF
, (11)
where νk,Li is the stoichiometric coefficient for inter-
calated lithium in the cathode phase (+1, here) and z
represents the moles of charge transferred per mole of
reaction (z = 1 in this study). A similar relationship is
used for the electrolyte species production rates, below.
Lastly, s˙LiAint is equal to zero, internal to the particle.
Electrolyte Composition. Conservation of mass
and elements are also applied to derive the governing
equation for the electrolyte species mole fractions:
∂Xk,elyte
∂t
=
1
Celyteεelyte
(−∇Nk, elyte + s˙k, elyteAint),
(12)
where Celyte is the molar concentration of the electrolyte
(mol m−3, assumed constant for the incompressible
electrolyte), εelyte is the electrolyte volume fraction,
Nk, elyte is the molar flux (molk m
−2 s−1), calculated
according to concentrated solution theory8,40,41, and
s˙k, elyte is the net production rate of electrolyte species k
(molk m
−2
int s
−1) due to heterogeneous reactions at the
electrode/electrolyte interface. Within the electrolyte
separator, the heterogeneous term (s˙kAint) is equal to
zero.
Electric Potentials Finally, governing equations for
the electrode and electrolyte electric potentials are de-
rived by application of charge conservation while concur-
rently assuming charge neutrality in bulk phase interi-
ors. This yields an equation for the double-layer potential
at all electrode-electrolyte interfaces ∆Φdl = Φelyte − Φed
(V, where ‘ed’ = ‘ca’ (cathode) or ‘an’ (anode)), and an
algebraic constraint on the sum of all currents into the
volume:
∂
(
Φelyte − Φed
)
∂t
=
jdl
Cdl,edAsurf
(13)
and
0 = ∇jio +∇jel. (14)
In these equations, jdl is the double-layer current per unit
volume at the electrode/electrolyte interface (A m−3),
Cdl,ed is the double-layer capacitance, and jio and jel are
the ionic and electronic current densities, respectively
(A m−2, both defined as positive for positive charge mov-
ing in the positive y direction). The double layer current
is calculated by enforcing charge neutrality within the
bulk of either the electrode or electrolyte phase (without
loss of generality, we choose the electrode, here):
0 = ∇jel + jFar + jdl, (15)
where jFar is the Faradaic current at the elec-
trode/electrolyte interface due to charge transfer reac-
tions, per unit volume (A m−3). The interfacial currents
jFar and jdl are both defined such that positive j repre-
sents positive charge entering the electrode and leaving
the electrolyte. Therefore, positive jdl represents an in-
crease in the positive charge on the electrolyte side of the
charged double layer.
The handling of the double layer here represents one
potential point of difference, relative to other P2D mod-
els. Some models37,38 assume that the double layer re-
sponds infinitely quickly, such that jdl is zero at all times.
This converts the problem to an additional algebraic con-
straint, such that the Φelyte must always be set to that
value which results in jFar = −∇jel. Whereas the ap-
proach in this study results in a differential equation, and
captures the dynamic response of the double layer dur-
ing battery charge and discharge, which can have non-
negligible impacts, particularly for XFC applications.
Lastly, although Boyle, et al. demonstrate that SEI
dynamics do not significantly impact the electrode
kinetics in their transient voltammetry experiments, 9
SEI will certainly form and influence performance during
charge-discharge. We estimate here the impact of an SEI
with constant resistance (0.032 Ω −m2 is used, here42).
This imposes an additional geometric constraint, in that
the current across the SEI (modeled here as Ohmic in na-
ture) must equal the Faradaic current at the SEI/anode
interface. In other words, the model determines the SEI
electric potential at the anode interface (ΦSEI/anode)
such that jFar = jSEI). The charge transfer kinetics use
the potential difference ΦSEI/anode − Φanode to calculate
the overpotential η = ∆Φ−∆Φeq.
Model and Simulation Parameters Model param-
eters were taken from previous experimental and mod-
eling studies for Li–LiFePO4/C. The P2D simulations
are presented here to demonstrate the impact of charge
transfer kinetics within a relevant application, not as
a fully validated, predictive modeling study. As such,
model parameters were adapted to qualitatively match
rate capability data from recent literature,43 but have
not been fit to the data. This is left as an extension for
a future study.
Simulations were run for two conditions: (i) galvanos-
tatic charge-discharge at C-rates ranging from 1C to 15C,
and (ii) simulated eVTOL flight, with a 1-minute take-off
and landing segments at 10C, and a 5-minute cruise at
5C. The source code for the model, including instructions
for installation and running, as well as all parameter val-
5ues, is made available via GitHub44. Although we plan
to incorporate the charge transfer kinetics into an official
future release of Cantera, for the time being the required
functionality can be obtained by using a forked version
of the chemical thermo-kinetics software, published as a
GitHub repo45.
III. RESULTS
The transient voltammetry data for lithium electrode-
position and stripping from Boyle et al.,9 is evaluated for
the M-H model and the MHC model described in Section
II A to find the exchange current densities, j0’s, and the
reorganization energies, λ’s. We compare the Marcus-
Hush (M-H) kinetic model proposed by Boyle et al., and
our implementation of the MHC model along with the
BV model. Each of these are evaluated in the context of
using these kinetic models within lithium battery models
to supplant the existing BV models. We find that the
MHC model is more appropriate to use within electro-
chemical battery models. We compare the predictions
from the P2D model in fast charge and discharge condi-
tions for the BV, M-H and MHC kinetic models.
A. Electron transfer kinetics
The best fit exchange current densities for the M-H
model (jM−H0 ), the MHC model (j
MHC
0 ), along with the
reported linear fit values (jL.fit0 ) from Boyle et al.,
9 are
shown in Table I. The values of exchange current density
fit for the M-H and MHC model in this work agree closely
with each other. However, the jL.fit0 values are seen to
be marginally higher than jM−H0 and j
MHC
0 . The trends
in exchange current density hold in each of the esti-
mates, where the exchange current density of PC<DEC<
EC:DEC<EC:DEC w. 10% FEC. As noted by Boyle et
al., the current density predicted the transient voltamme-
try data is not affected by the solid electrolyte interphase
(SEI),9 and the reaction is in kinetic control.
Solvent jM−Ho (
mA
cm2
) jMHCo (
mA
cm2
) jL.fito (
mA
cm2
)
Ref. [ 9 ]
PC 1.9 1.9 2.6
DEC 2.2 2.2 3.7
EC:DEC 8.8 8.6 10.4
EC:DEC w. 10% FEC 14.5 13.8 16.0
TABLE I. The exchange current density values as obtained
from the M-H model, jM−Ho , the MHC model, j
MHC
o , and val-
ues reported by Boyle et al., using a linear fit.
The best fit values for the reorganization energy for the
M-H model (λM−H), the MHC model (λMHC) along with
the reported M-H fit values from Boyle et al.,9 are shown
in Table II. We observe that the λM−H values of our study
and λM−H from Boyle et al., are similar, however, λMHC
values are seen to be generally lower than λM−H values
for each of the solvents. The relative values and the trend
for the reorganization energy between the four solvents
holds across M-H and MHC models. The calculation of
λM−H and λM−H neglects the distribution of electrons,
while λMHC calculated using Eq. (8) implicitly accounts
for it. While the exchange current density values of our
M-H and MHC models agree closely, the reorganization
energy values are consistently lower for MHC by about
0.12±0.1 eV.
Solvent λM−H(eV) λMHC(eV) λM−H(eV)
Ref. [ 9 ]
PC 0.33 0.21 0.34
DEC 0.38 0.25 0.34
EC:DEC 0.34 0.22 0.3
EC:DEC w. 10% FEC 0.31 0.19 0.28
TABLE II. The reorganization energy values as obtained from
the M-H model, λM−H, the MHC model, λMHC, and values
reported by Boyle et al., from another implementation of the
M-H model.
The MHC model consistently predicts lower values of
reorganization energy for all four solvents, while consis-
tently maintaining similar values for exchange current
density with the M-H model. The only difference be-
tween the M-H model (implemented using a potential
depending transfer coefficient α) and the MHC model
(implemented using the uniformly valid closed form ap-
proximation in Eq. (8)), is the use of Fermi-Dirac statis-
tics to account for distribution of electrons in different
energy levels. Hence, the difference is reorganization en-
ergies can be attributed to the inclusion of the distribu-
tion of electrons over different energy levels. Further, the
M-H implementation discussed here and as implemented
in Boyle et al., is a low overpotential approximation of
the MHC model. Hence, it follows that the use of the M-
H model should be limited to overpotential regions where
η < λ. Further, Bai et al., 46 have confirmed from first
principles calculations that the reorganization energies
predicted by the MHC model is more accurate compared
to typical Marcus or M-H models. Bai et al., 46 also
note that Marcus or M-H models require larger reorga-
nization energies to fit electrode kinetics data because of
the inverted region predicted for η > λ. Between the two
models, the MHC rate expression implemented using the
closed form approximation in Eq. (8) is more appropriate
to use within an electrochemical battery model, as shown
in discussions pertaining to Figures 1 and 2.
A comparison between the different models and how
they explain the transient voltammetry data is shown in
Figure 1. One of the first observations that can be made
is the significant deviation of BV model from the data
for all solvents. This observation has been noted for sev-
6eral metal electrodeposition and stripping studies,47,48
and pointed out for the case of lithium as well.9 Fur-
ther, we can see that the M-H model proposed by Boyle
et al., and the MHC model from this work explain the
data with similar accuracy, however, the current density
predictions from the two models begin to deviate signifi-
cantly after about 0.3V of overpotential. The M-H model
predicts an inversion of current similar to the inverted
region proposed by Marcus theory.15,27 As noted previ-
ously, the M-H implementation shown here and in Boyle
et al., is a low overpotential approximation of the MHC
model while the MHC model implement in this work is
a uniformly valid approximation. Hence, we see that the
two models are indistinguishable at lower overpotentials.
The difference between the models is significant at over-
potentials greater than 0.25V and deviation is larger for
larger overpotentials.
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FIG. 1. The predictions of current density as provided by the BV model, the M-H model (proposed by Boyle et. al)9 and the
MHC model for four different solvents, namely, a. PC, b. DEC, c. EC:DEC, d. EC:DEC w. 10% FEC. The exchange current
densities and the reorganization energy values for each of the fits are shown in Tables I and II respectively.The root mean
square error (RMSE) in mA/cm2 for M-H and MHC models is very similar while the goodness of fit, characterized by R2 is the
same for both M-H and MHC for each solvent (R2 for both M-H and MHC models are 0.997, 0.987, 0.992, and 0.997 for PC,
DEC, EC:DEC, and EC:DEC w. 10% FEC respectively). It is evident that both M-H and MHC models explain the data very
well and collapse on each other at low overpotentials, however, at overpotentials greater than an absolute value of 0.25V, the
difference in predictions is significant. This is because the M-H model posits an inverted region for current at overpotentials
where η > λ, while the MHC models predicts a plateau. Given that these models are examined in the context of using them in
lithium battery models in high power conditions, it is important to use the more appropriate model for overpotentials greater
0.25V. Predictions from the BV model are also shown here for reference, where the BV model uses the same exchange current
density of the M-H model. As seen for each solvent, the BV model deviates significantly for overpotentials greater than 0.1V.
The deviation of the M-H model from MHC model
starts at about 0.25V of overpotential. Figure 2a and 2b
show the difference between the absolute values of cur-
rent from the two kinetic models. Figure 2b shows the
deviation within an overpotential region of 0.25V which
is the maximum overpotential in the transient voltam-
metry data.9 We observe that, for the overpotential re-
gion within 0.25V, the maximum deviation of about 1.5
mA/cm2 is caused for the high exchange current density
solvent EC:DEC w. 10% FEC at 0.25V of overpoten-
tial. The difference between the currents from the two
kinetics models is much lower for the other three solvents.
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FIG. 2. A comparison of the predictions for current density from M-H and MHC models. a. Shows the difference between
jMHC and jM−H for the potential window between -0.5V and 0.5V. b. The difference between jMHC and jM−H for the potential
range of -0.25V and 0.25V which are the limits of the overpotential in the dataset. We observe that the difference is about 50
mA/cm2 for PC and DEC while it goes up to 200 mA/cm2 for EC:DEC at 0.5V of overpotential and about 250 mA/cm2 at
0.5V for EC:DEC w. 10% FEC. Within an overpotential region of 0.25V, the greatest error is about 1.5 mA/cm2 for EC:DEC
w. 10% FEC. when the absolute value of current density is over 200 mA/cm2 which is a difference of under 1%. As explained
in Figure 1, it is clear that both the M-H and MHC models explain the data with almost equal accuracy, with low error and
small difference between the two models for overpotential regions within an absolute value of 0.25V, however, the difference in
predictions is significant when we consider a slightly higher overpotential window of about 0.5V.
This differences are very small compared to the absolute
value of the current at this potential which is about 250
mA/cm2. On the other hand, on examining the differ-
ence in currents for the overpotential region within 0.5V,
we observe that, for EC:DEC w. 10% FEC, the devia-
tion of the prediction of current from the M-H model is
about 250 mA/cm2. Similarly, for lower exchange cur-
rent density solvents like PC and DEC, the deviation is
about 50 mA/cm2. Due to the inverted region predicted
by the M-H model, the current predictions are always an
underestimate at overpotentials greater than 0.25V for
the M-H model.
Based on the discussions here, and the results shown
in Figures 1 and 2, while the MHC model collapses onto
the M-H model at low overpotentials, the deviation of
the predictions from the M-H model are substantial at
slightly higher overpotentials here. Since these devia-
tions are significant, and that the M-H model is only
a low overpotential approximation of the MHC model,
the MHC model implemented using the uniformly valid
closed form approximation,10 is better suited to be used
with electrochemical models of lithium batteries. The
exchange current density fit for both models are identi-
cal, however, the reorganization energies are lower by
about 0.12eV. Further experiments beyond overpoten-
tials of 0.25V are required to confirm the nature of the
Tafel curves for lithium electrodeposition and stripping
at higher overpotentials.
B. Pseudo-2D fast-charge model
Implementing the kinetics models described in Sec-
tion II A within the P2D model framework described
in Section II B demonstrates the importance of accurate
charge-transfer kinetics at the application scale. While
the differences between the three mechanisms may ap-
pear subtle in Figures 1 and 2, results predict significant
performance differences when employed at the cell level.
Accurate model predictions will be critical to inform bat-
tery design and control strategies for cases such as XFC
in EVs or eVTOL vehicles.
FIG. 3. P2D model predictions for XFC discharge with C-
rates from 1C to 12C. Comparing results for the three kinetic
models demonstrate the importance of accurate charge trans-
fer kinetics at the cell level. Above discharge rates of roughly
2C, we see significant differences between discharge profiles for
the Butler-Volmer (BV), Marcus-Hush (M-H), and Marcus-
Hush-Chidsey (MHC) models. In particular, the MHC and
M-H models predict much higher voltage losses with increas-
ing charge rates, compared to the commonly-used Butler-
Volmer form. Moreover, the M-H model is unable to sus-
tain discharge at rates of 5C or higher, due to the so-called
‘inverted region.’
8FIG. 4. P2D-predicted charging profile with the M-H kinetic
model and a charging current of 5C demonstrating the tran-
sition from the charge transfer current predicted at low over-
potentials to the ’inverted region’ at high overpotentials.
Figure 3 shows predicted discharge curves for a Li–
LiFePO4 cell operating at C-rates ranging from 1C to
12C. At moderately high C-rates (1C and 2C), the mod-
els are in good agreement throughout discharge. How-
ever, for C-rates above 2C, model results diverge for the
three models. Particularly, the M-H model is unable to
handle discharge currents above 5C. In addition to this,
the MHC and BV models diverge at discharge currents of
5C and above. The scale of this divergence increases with
increasing C-rates. This agreement at low discharge cur-
rents with significant divergence from agreement at high
currents is a result of the predictions made in Figures 1
and 2. Not only do the voltage curves diverge, but cur-
rents over 10C show a significant difference in discharge
capacity.
The M-H model predictions in Figure 3 are explained by
the so-called ‘inverted region’ in Figure 1, where the cur-
rent density decreases as a function of the overpotential
η, for η values significantly greater than the solvent reor-
ganization energy λ. This phenomena is shown in greater
detail in Figure 4, which plots the charging voltage for
the M-H model at 5C. The voltage initially increases,
due to charging of the double layer. As the resulting
Faradaic current density at the cathode-electrolyte in-
terface increases commensurately with ∆Φdl, the differ-
ence between the jext and the total jFar decreases, and
the slope of the voltage profile also decreases. However,
once the overpotentials reach the point at which jFar is
maximized (roughly η = 0.35 V, in Figure 1), further
charging of the double layer decreases the Faradaic cur-
rent, which then leads to unconstrained growth of the
double layer. This is observed in Figure 4 at a capac-
ity of roughly 0.14 µAh g−1. As jFar goes to zero with
further increases in ∆Φdl, the double layer current is es-
sentially constant at jdl = jext, as reflected in the linear
growth rate for the cell potential at discharge capacities
greater than 0.14 µAh g−1 (note that capacity is propor-
tional to time, for galvanostatic discharge). The absence
of the inverted region in the systems studied here (due to
the presence of valence-band electrons) enables sustained
charge-discharge at high C-rates, and cautions against
the use of M-H kinetics for XFC predictions.
A comparison of the MHC and the BV kinetic models’
predictions in the context of an eVTOL flight is shown in
Figure 5, demonstrating the importance of the kinetics
model used when predicting performance and battery de-
sign needs in such cases. Due to the high current demand
during takeoff for an eVTOL, as predicted by the results
in Figure 3, the MHC model predicts a lower power for
the same discharge time than the BV model, on the or-
der of mW cm−2. In addition to different predictions
in power when the two kinetics models are employed, as
shown in Figure 3, when discharging at a current over
10C, the predicted discharge capacity is different, which
can have non-negligible impacts on flight duration and
battery sizing. Far from a merely academic consider-
ation, the detailed charge transfer kinetics investigated
here have meaningful implications on battery design and
sizing for emerging fast-charge, high-power applications
such as eVTOL.
FIG. 5. Predicted discharge curve of a time-dependent cur-
rent simulating the changing load during takeoff, flight, and
landing that an eVTOL might experience. The MHC and BV
kinetics models predict different voltage and power through-
out the flight time. This is particularly evident during the
‘Take-off’ and ‘Landing’ segments. However, due to the rela-
tively lower current demand during the ’Cruise’ segment, the
disparity between the kinetic model predictions decreases and
remains roughly constant for the duration of the flight period.
IV. CONCLUSIONS
In this work, we used transient voltammetry data for
lithium electrodeposition and stripping from Boyle et al.,
to explore the compatibility of different kinetic theories
to the data. The kinetic theories are compared in the
9context of developing better kinetic models for use in
electrochemical performance simulations of lithium bat-
teries. The widely used Butler-Volmer theory is found
to be incompatible with the voltammetry data at high
rates. We compare the use of the M-H kinetic model,
proposed by Boyle et al., with the MHC model to ex-
plain the voltammetry data for LiPF6 in four solvents,
PC, DEC, EC:DEC, and EC:DEC w. 10% FEC. We find
that both the M-H model and the MHC model fit the
data with equal accuracy. The exchange current densi-
ties fit for each of the solvents are similar for the M-H
and the MHC models.
We find that the reorganization energies predicted in
this work for the M-H model match the reorganization en-
ergies predicted by Boyle et al. However, we find that the
MHC model consistently predicts a (0.12±0.1eV) lower
reorganization energy. We attribute this difference to the
incorporation of the distribution of electrons at different
energy levels within the MHC model, which the M-H
model ignores. This is also consistent other studies46
where it was found that the reorganization energy pre-
dicted by the MHC model was more accurate and that
Marcus and M-H models required higher reorganization
energies to fit Tafel curves. Given that the MHC pre-
dicted reorganization energies are more accurate than
Marcus or M-H predictions for other materials, we be-
lieve that this could hold for the lithium/solvent systems
studied here as well. We also note that the M-H model
proposed by Boyle et al., is a low overpotential approx-
imation of the MHC model, and hence the two models
are indistinguishable at low overpotentials. At higher
overpotentials, we observe significant deviations between
the predictions of the M-H and MHC models. Thus, we
propose the use of the MHC model implemented using
a uniformly valid closed form approximation within bat-
tery models for describing the kinetics at lithium elec-
trodes.
This recommendation is supported by P2D battery
simulations of extreme fast charge of a lithium metal an-
ode paired with a carbon-LiFePO4 composite cathode.
The M-H kinetics predict that the battery cannot sustain
charge-discharge at rates of 5C or greater. The Butler-
Volmer and MHC kinetics, on the other hand, predict
relatively similar performance up through discharge at
5C, but diverge significantly at 10C and above. Using
an example eVTOL mission, we demonstrate that the
two models give significant differences in delivered power
during the mission.
While the Butler-Volmer and M-H models offer the
advantage of computational simplicity, closed-form ap-
proaches for MHC have been published and can be
readily implemented for validation against experimen-
tal data.10 To this end, we have published the model
and thermo-kinetic modeling tools used here as open-
source software, to facilitate and accelerate the adoption
of MHC kinetics more broadly throughout the field.
V. SUPPLEMENTARY MATERIAL
See supplementary material for more visualizations of
the fitting of kinetic models.
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1. FITTING RESULTS FOR THE SOLVENTS
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FIG. 1. The predictions of current density as provided by the BV model, the M-H model (proposed by Boyle et. al)1 and the
MHC model for four different solvents, namely, a. PC, b. DEC, c. EC:DEC, d. EC:DEC w. 10% FEC. This accompanies
Figure 1. in the manuscript. Here we observe that within an overpotential region of 0.25V, the M-H model and the MHC
model collapse on each other.
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